Abstract Pasture selection by livestock is an essential topic for rangeland management, especially in trace element-contaminated soils. We have studied the composition (nutrients and trace elements) of a grass-based diet from soils affected by a mine spill at different growth stages (October 2008 to May 2009). A diet based on other plants (mainly Compositae species) was also studied (May 2009) for comparison. Faeces and mane hair of horses feeding on these pastures were also analysed. Micronutrient (Cu, Fe, Mn and Zn) and potentially toxic trace element (As, Cd, Pb, Tl) concentrations were below the maximum tolerable levels (MTL) for horses, except for Fe (at early growth of pastures) and Cd (in the diet based on 'other' plants). Values of potential ingestion of Fe by horses were higher than 10 mg kg body weight −1 day −1 . Cadmium concentrations in some pasture samples (those composed of Compositae species) were higher than 3 mg kg −1 . Potential toxicity of such Cd levels in pastures is uncertain, since a high disparity of criteria about MTL by cattle exists (between 0.5 and 10 mg kg −1 diet). Nutrient concentrations were adequate for horses, P. Madejón (B) · M. T. Domínguez · J. M. Murillo
Introduction
The study of plant selection by livestock is an essential topic in pasture and rangeland sciences. This topic is especially relevant in trace elementcontaminated areas, since great differences in the rates of accumulation of toxic elements may exist among different groups of plants (Greger 1999) . Animals select those foods that best fit their nutritional needs (Fernández-Olalla and San MiguelAyanz 2007) . Moreover, they can exclude those foods with high amounts of toxic substances from their diet (Provenza 2003) .
After the Aznalcóllar mine accident in SW Spain, which affected an area of 4,286 ha along the Guadiamar River Valley (Grimalt and Macpherson 1999) , a large-scale restoration project was launched, and the restored area was designated as a public nature reserve called the 'Green Corridor' (CMA 2003; Domínguez et al. 2008) . Despite the clean-up of soils, the affected zone is still contaminated with trace metals and metalloids (Cabrera et al. 2008) . The area was afforested with native trees and shrubs which, together with the herbaceous cover, contribute to the sustainable phytostabilisation of the contaminated soils.
Grazing of livestock was forbidden after the accident. As result, a vigorous and healthy herbaceous cover competes with planted woody species for water and nutrients, which requires expensive mechanical control and is the only method used so far by the Government. For these reasons, the possibility of grazing horses (non human-edible livestock) is being currently considered by the regional Government, as a benign and sustainable tool for the control of the herbaceous cover (Madejón et al. 2009 ).
Horses, by nature, are selective feeders that prefer palatable grass species (Menard et al. 2002) . They can promote the existence of overgrazed areas, since their tooth structure is suited to graze close to the ground, limiting re-growth of the selected species. This fact can promote the growth of other less palatable plants, such as Compositae species. It would thus be desirable that other less selective grazers, such as cattle and donkeys, could also graze through the pastures to clean-up the 'leftovers' that horses avoid. For such a complete rotational program, the monitoring of not only grasses but also 'leftovers' would be necessary.
In previous studies, we analysed the soilplant transfer coefficients (TC) for different plant groups in the area ('Green Corridor'). We found that, in relation to grass species, the highest TC corresponded to Cd and Zn in some Compositae species, such us Senecio vulgaris (TC from soils to leaves of 0.43 for Cd and 0.37 for Zn, unpublished) . Besides lower TC values, trace element concentrations in grasses could also be diluted by the high biomass during the spring season (Madejón et al. 2009 ). In that study, the composition of pastures in autumn and spring (2007) was compared. Those pastures were mostly composed of species in the Poaceae family, as well as the Fabaceae (mainly Medicago ssp.) and Asteraceae family (Senecio ssp.).
According to the horses' preferences, the present paper studies the evolution of the composition (trace elements and nutrients) of a grassbased diet (Poaceae family) through 1 year (autumn 2008-spring 2009 ). This diet is compared during the spring season with a Compositae-based diet in order to assess a complete grazing program (using other animals besides horses) for the herbage control of the area. Special emphasis has been placed on the elements Fe and Cd, due to their relevance for the potential toxicity of the diet.
Material and methods

Study area
The Guadiamar River Valley, in SW Spain (37
• 13 W), lies inside the Iberian Pyrite Belt, the largest massive sulphide province in Western Europe. The area has a semi-arid Mediterranean climate with mild rainy winters and warm dry summers. Average annual temperature is 19
• C and annual average rainfall is 484 mm. Soils of the Guadiamar floodplain are mostly neutral or slightly alkaline, with the exception of some terraces which have low pH. Soil texture varies from loamy sand to silty clay (Cabrera et al. 1999 ). In 1998, the failure of a large mine tailing dam at Aznalcóllar (Seville, Spain) released about 6 M m 3 of trace elementcontaminated sludge into the Guadiamar River (Grimalt et al. 1999) . The affected soils, mostly under agricultural production, were contaminated with high concentrations of As, Cd, Cu, Pb, Tl and Zn (Cabrera et al. 1999) . After the accident, an emergency clean-up operation removed the sludge and the first 0-10 cm of soil and organic matter and calcium-rich amendments were added with the aim of immobilising trace elements and improving soil fertility (CMA 2003) . Revegetation started in 1999, after the purchase of affected lands by the Regional Administration. At present, the plant cover is composed of native shrubs and trees planted at different densities, and a dense matrix of ruderal herbs. The methods for the control of this vegetation are currently under consideration.
Pasture sampling
Five samplings were carried out from October 2008 (first sampling) to May 2009 (fifth sampling). Pastures were sampled for biomass and chemical analyses in four samplings (October, November, February and May). In March (fourth sampling), they were sampled only for plant biomass. Samples were collected at five different sites along the Guadiamar Green Corridor; one of them was not affected by the spill ('non-contaminated' site, NC). The contaminated sites-defined as 'contaminated areas' (CA) throughout the article-had different pollution degrees, specifically, two sites were moderately contaminated (MCA) and the other two were highly contaminated (HCA). For illustrative purposes, results from the two highly contaminated areas (HCA) will be also presented separately, but without being subjected to any statistical treatment. Table 1 shows the 'quasitotal' (aqua regia) concentrations of As, Cd and Pb of the soils of the sampled units; in relation to the 'Control' unit, Cd underwent the greatest increase.
Plots of 1 ha were delineated at each sampling site. Pasture vegetation was sampled by collecting all the aboveground biomass found in a 25 × 25 cm quadrant (cutting was made at 1 cm from the soil). Twenty samples (quadrants) were taken at each site. Pasture height, plant cover and species present were noted before biomass sampling. According to the horses' preferences, the most frequent species belong to the Poaceae family (especially, Avena spp., Cynodon dacty- (Table 2 ). In May (fifth sampling) an additional sampling was carried out in all the sites, excluding grasses. This sampling was focussed on Compositae plants and species in other families (which will receive the generic name of 'other' along the paper).
Faeces and mane hair samplings
Horse faeces (25 samples in total) were collected at each sampling site; but it is not probable that the faeces composition reflects the herbage composition of each sampling point, since horses move freely in the area. Horse hair was collected from the mane of horses that had been grazing freely, if illegally, along the Green Corridor, for at least 1 year (n = 10). Hair were also collected from horses grazing outside of the spill-affected area (n = 5).
Analytical methods
Plant material was oven-dried at 70
• C to constant weight, weighed to obtain dry biomass and directly ground without prior washing (to study the actual pollution of trace elements in the grass and their possible toxic impact through consumption as forage); dry biomass was passed through a 500-μm stainless-steel sieve. Faeces were oven-dried at 70
• C to constant weight, ground and passed through a 500-μm stainless-steel sieve. The hair samples were washed in deionised water to remove dust and superficial contamination. This was followed by sequential washing with acetone, and distilled water. The washed hair samples were oven-dried for 24 h at 70
• C and then cut into lengths of less than 0.5 cm.
Plant material was analysed for N by Kjeldahl digestion. Total protein in plants was calculated by multiplying Kjeldhal N content by 6.25 (Lyttleton 1973) . Plant material, faeces and horse hair were digested by wet oxidation with concentrated HNO 3 under pressure in a microwave digester. Three consecutive steps (5 min each) 
Data analysis
Calculation of daily ingestion is based on average pasture ingestion by horses of 21 g dw body weight, according most available data in literature (Aronson 1978; Liu 2003) . Mean and standard error (SE) were determined for all variables. Normality of the data was tested prior to analysis and, when necessary, variables were transformed logarithmically. A Student t test was used to assess significant differences between CA and NC sites. If, after logarithmic transformation, the data did not fit a normal distribution, the non-parametric U MannWhitney analysis was used. All analyses were performed with SPSS 17.0.
Results
Biomass production
The productivity of pastures showed differences between sites and between seasons ( Fig. 1) , corroborating previous results (Madejón et al. 2009 ). In spring (fourth and fifth samplings), biomass production in non-contaminated site was significantly greater than those in the contaminated areas. This was due to a greater predominance of species of genus Avena (Avena sterilis L., mainly) in the non-contaminated site than in contaminated areas; this species generates greater spring biomass than other grasses. In contrast, autumn biomass was similar in all the sites in the contaminated areas (October). Figure 1 also shows the total rainfall before each sampling time (rainfall during August was nil). Before the third sampling, rainfall (ca. 170 mm) was almost exclusively concentrated in the previous 40 days before sampling.
Trace element concentrations in pastures
Essential trace elements
In general, the concentration of essential trace elements (except for Fe of CA in samplings 1 and 3) was below the maximum tolerable levels (MTL) Excessive elemental content of herbage was only found for Fe in samplings 1 and 3, possibly due to contamination of herbage with soil (Fig. 2) . Essential trace element (Fe, Cu, Mn and Zn) concentrations were always greater in the contaminated areas than in the control site ( p < 0.05). This pattern was also observed for Mn, although its concentration in the sludge was not high (Cabrera et al. 1999 ). This could be related to the increase of Mn availability in the presence of sulphides, abundant in contaminated soils that produce acid during their oxidation, increasing Mn availability. The grasses collected in the contaminated areas seem to be effective for Mn uptake, reaching greater concentrations than those of the 'other' plants (sampling 5, Fig. 2 ). On the contrary, Cu and especially Zn concentrations were greater in the 'other' plants (sampling 5). As expected, maximum values were found, in general, in the most contaminated areas (Fig. 2, black circles) . 
Non-essential trace elements
Concentrations of potentially toxic elements (As, Cd, Pb and Tl) were also below the MTL for horses reported by the NRC (2005), even in the highly contaminated areas (Fig. 3) . However, in some plants of the 'other' group (mainly Compositae), and in some grasses, Cd concentration greatly surpassed the MTL for cattle (0.5 mg kg −1 ) reported by Chaney (1989) . Concentrations of non-essential trace elements were, in general, significantly higher in the contaminated areas than in the control area, except for Pb and Tl in 'other' plants (sampling 5, Fig. 3 ), due to a high variability on the concentrations.
Trace elements and nutrients ingestion by horses
Daily ingestions of Fe during samplings 1 and 3 in the contaminated areas could surpass the MTL recommended for horses, although they were far below the fatal dose of about 200-250 mg kg body weight −1 day −1 (NRC 2005; Fig. 4 ). Tolerance of horses to Cu, Mn and Zn seems to be reasonably high ( Fig. 4; NRC 2005 ). The ingestion of the potentially toxic elements As, Cd and Pb was below the maximum tolerable daily intakes, although comparatively high values of Cd may be reached in the case of the so-called 'other' plants (Fig. 5) . Data of Tl ingestion (not shown) were very low in all studied sites and samplings.
With the exception of Fe and Mn, a greater ingestion of trace elements was recorded for the 'other' plant-based diet than for the grass-based diet (Figs. 4 and 5 ). This pattern was more evident for Cd.
The estimated nutrient ingestions (Fig. 6 ) were in general adequate. Only K during the samplings 2 and 3 (grasses) and Ca in the case of 'other' plants (and to a lesser extent S in sampling 2), reached high levels. In the case of Ca, this may be a positive nutritional feature, as discussed below.
Faeces and hair composition
Concentrations of all trace elements except Cu were significantly greater in faeces collected in contaminated areas along the Corridor (Table 3 ) than in those collected in the nearby noncontaminated areas of the Corridor. However, the ratios between contaminated and control sites were clearly greater for the non-essential and potentially toxic elements (As, Cd, Pb and Tl) than for the essential elements (Cu, Fe, Mn and Zn; Table 3 ). Similar results were obtained for mane hair (Table 4 ). In the case of Fe and Mn, both elements reached greater concentrations than the reference values reported in literature for healthy horses (even in the control hair, in the case of Fe, Asano et al. 2002) . Copper and Zn from both contaminated and control sites were moderately greater than the reference values. Among toxic elements, only Pb was clearly greater than the reference range (Table 4 ). The highest contaminated/noncontaminated ratio (CA/NC) for mane hair was observed for Cd, although a clear discrepancy between Cd concentration in hair from 'con- Reference range of trace elements in mane hair of healthy horses according Asano et al. (2002) CA/NC the ratio between contaminated and non-contaminated sites * p < 0.05; significant differences between sites trol horses' (this study) and reference values for healthy horses (literature) was found (Table 4) .
Discussion
Concentrations of both essential and nonessential trace elements were greater in the pastures from the contaminated areas than those in the non-contaminated area. This fact was not attributable to a 'concentration effect' resulting from a lower plant biomass in the contaminated areas, since grass production in the first three samplings was similar in all the areas, or even slightly higher in contaminated areas (first sampling; Fig. 1 ). Trace element concentrations in plant samples could be increased by external contamination with adhered soil during the first and third samplings, due to the herbage shortness in the first and the abundant rainfall prior to the third sampling (Fig. 1) , which could originate frequent rain splash (Healy 1975) . Additionally, the third sampling was carried out after the plant winter break, when element accumulation in plant tissues predominates over plant growth. Preliminary results indicate that the Ti concentration (the best indicator of soil contamination; Healy 1975) of some autumnal samples can reach up to 500 mg kg −1 (unpublished). According to these values and 'background' values for Ti in soil (5,000 mg kg −1 ) and in grasses (6-7 mg kg −1 ), the estimations of daily intake of soil by pasture consumption are of 0.8 kg of soil for an animal of 400 kg weight. Fortunately, this is an extreme situation that cannot be generalised to a spacetemporal scale. A previous paper Madejón et al. (2009) showed the positive effect that the increase of plant biomass in spring has on the concentration of As and Pb, and Zn. Therefore, grazing on well-developed pastures was recommended, avoiding short autumnal vegetation. However, the ubiquitous and highly mobile element Cd was mainly affected by the floristic composition of the diet even in spring, a feature that was corroborated in this study.
The levels of both essential (micronutrients) and potentially toxic elements were, in general, tolerable by livestock, in both the grass-based diet (preferential feeding of horses) and the 'other' plant-based diet (Figs. 2 and 3) . Iron (essential) and Cd (non-essential) were the only elements which could represent occasional problems for animal nutrition.
In the case of Fe, excessive concentration for animals was found in the contaminated areas in the third and especially first sampling, far greater than in the pastures from the control area. This could derive to a greater extent from contamination with soil (Fig. 2) . On the other hand, plant Fe uptake could be facilitated by the periodical oxido-reduction processes undergone by the remnants of sulphide-rich sludge in the contaminated soils. This had been frequently reflected by the grasses concentrations, which are very effective for Fe uptake. Similar elevated Fe accumulation was found in Cynodon dactylon in the affected soils of the Green Corridor (Madejón et al. 2002) , even though the spill-affected soils of the Green Corridor were less enriched in Fe than in other pollutants (López-Pamo et al. 1999) . Its loading as sulphur could facilitate plant uptake after the previously mentioned periodic oxidation-reduction processes.
Fortunately, iron toxicosis is not a common problem in most domestic animals, probably because of the limited absorption and uptake of Fe when its intake is high (NRC 2005) . Moreover, this problem is not specific to contaminated zones: high levels of Fe in soil-contaminated pastures for other areas of SW Spain, not affected by mine spills, were reported by Murillo et al. (1985) . Soil contamination of fodder appears to be an important source of iron for horses (Brommer and Oldruitenborgh-Oosterbaan 2001) . Acute iron toxicosis is unlikely to occur in the horse grazing in the Guadiamar River, considering the reference values in the literature. For instance, levels up to 50 mg Fe kg body weight −1 day −1 do not provoke any clinical signs or histological lesions in the livers of adult ponies (Pearson and Andreasen 2001) . Nonetheless, a periodical monitoring of Fe levels in the plant-animal system seems to be advisable, as this is the sole case in which the maximum tolerable daily intake (10 mg kg body weight −1 day −1 ) was clearly surpassed by a grass-based diet (Fig. 4) .
Iron concentrations in the 'other' group of plants were in the same range as those in grasses, despite the fact that their wider leaves are more prone to be contaminated with soil by adherence. The effectiveness of grasses for Fe uptake is noticeable, which also seems to be the case with Mn. The remnant soil pollution increased Mn plant concentration, although Mn was not a pollutant element in the sludge (Cabrera et al. 1999 ). This fact was also reported previously by Madejón et al. (2002) . On the contrary, the 'other' group of plants was more effective for Cu and Zn uptake than grasses, although their concentrations were, in general, tolerable for horses.
Copper is relatively non-toxic to non-ruminant animals, such as horses (Smith et al. 1975; NRC 2005) . Ruminants seem to be more susceptible to Zn toxicity compared to non-ruminants. Manganese is considered one of the less toxic among trace elements. Different experiments with swine, the most sensitive animals to Mn (NRC 2005) , have shown that decreases in the growth of these animals do not take place until 500 and >2,000 mg kg −1 of Mn in the diet. The levels of non-essential elements As, Pb and Tl were also tolerable for horses, and livestock in general, in both diets (grasses-and 'other' plantbased; Fig. 3 ). Despite their potential toxicity, the problems associated to As and Pb may be lower than those related to of Cd. The maximum tolerable daily intake for As was ca. 80-to 400-fold greater than the maximum predicted values found in our study (Fig. 5 ). As expected, the As concentrations in excreta was greater than that found in the plant material, and nine times greater in excreta from the contaminated area than that in the non-contaminated area. In general, the CA/NC ratios (concentrations in excreta from contaminated areas/ concentrations in excreta from non-contaminated area) were clearly greater for non-essential elements than those for essential elements, As reaching the greatest ratio and Cd the lowest.
The predicted ingestion of Pb was lower than the maximum tolerable daily intake of 200 μg. However, as discussed for Fe, punctual contaminations of feed with contaminated soil could lead to undesirably high levels of Pb in the diet.
There is no published information on MTL for both Tl concentration and intake, although the low concentrations in this study are likely to be tolerable for horses and animals in general.
The stabilisation of trace elements in the contaminated area has been reported by several authors (Madejón et al. 2006 (Madejón et al. , 2009 Cabrera et al. 2008) , although the Cd presence is still worrying due to its mobility.
Particular samples of the 'other' plant-based diet, mainly Compositae, can reach Cd concentrations that may be excessive according to the MTL for horses and livestock. Cadmium is a ubiquitous trace element that is concentrated in plant leaves, therefore grazing animals could receive the highest exposure to this element.
Although dietary levels of 10 mg kg dry matter −1 can be tolerated chronically by nonruminants, these levels can result in unacceptable levels of Cd in the kidneys, liver and, in some cases, in animals' muscles (NRC 2005) . Lower values in the diet are thus desirable. A MTL of 0.5 mg kg −1 had been recommended for livestock (Chaney 1989) , although Beyer (2000) argues that Cd toxicity levels for wildlife have been exaggerated. Nevertheless, concentrations of Cd greater than 3 mg kg −1 in some Compositae could be somewhat excessive for the most sensitive animals, despite the fact that estimated intakes were below the maximum tolerable daily intake of 200 μg and far below the fatal dose for horses (>1,100 μg Cd kg body weight −1 day −1 , Fig. 5 ). This is an aspect that should be periodically monitored, as in the case of Fe. A more restrictive maximum tolerable daily intake of 10-20 μg Cd has also been proposed (Chaney 1989) , which would be surpassed even for the grasses-based diet.
Cadmium is not excreted as easily as arsenic or other toxic elements, so it accumulates in older animals, which could show certain symptoms of chronic toxicity. However, although the effects of acute Cd poisoning are well known, chronic effects due to moderate consumption for many years are not well documented. Not many experiments on this issue exist; dogs can tolerate 10 mg kg −1 diet for 8 years (NRC 2005) , greater values than mean values reported in this study (Fig. 5) . It is important to point out that the animals with a higher rate of food intake (small animals) appear to be affected at lower levels of dietary Cd than animals with lower food intake. In general, absorption and accumulation of Cd depends on many factors such as age, sex or metabolism, and can interact with other metals and nutrients (e.g. Ca), which hampers the assessment of its particular effects. Marginal deficiencies of essential nutrients such as Zn, Fe and Ca can enhance Cd absorption by animals, as discussed below. Since there is a significant discrepancy in the scientific literature regarding the maximum tolerable levels of Cd for both humans and livestock, periodic monitoring of the evolution of this element in the area is advisable.
A positive feature in relation to chronic toxicity of non-essential trace elements is that, in general, pastures have an adequate nutritive value. The estimated nutrient intakes were below the maximum tolerable daily intake, and only K and Ca in the so-called 'other' group of plants could reach comparatively high values (Fig. 6) . It is well known that animal toxicity may be ameliorated or exacerbated by the dietary intake of essential elements. For example, marginal deficiencies of essential nutrients (Zn, Fe and Ca) can enhance Cd absorption by animals (Reeves and Chaney 2008) . In this sense, the comparatively high intakes of Cd that could be reached by consuming Compositae species could be counteracted by the parallel high intake of Ca (Ca concentration in thistles was very high, up to 40 g kg −1 ). The analyses of excreta and mane hair from the contaminated areas seem to corroborate that the potential risks derived from the intake of these pastures can be tolerated by horses, although further monitoring is advisable, especially for Cd (Tables 3 and 4 ). Analyses of excreta showed that Cd is comparatively less excreted than other elements and can reach the greatest ratio CA/NC in the mane hair. Despite the fact that long-term exposure to heavy metals can be readily identified by their presence on hair (Asano et al. 2002; Hasan et al. 2004) , little Cd seems to be incorporated into hair, making this tissue an insensitive indicator of exposure according to some authors (Combs et al. 1983 ). This aspect is somewhat unclear in our study, considering that we observed an increase in the Cd levels in the hair of horses, in relation to the control values (Table 4) . However, more research is needed in this context, considering that the Cd level analysed in our 'control' horses was far below the reference value reported for Cd in mane hair of healthy horses.
Conclusions
The analysis of pastures collected in a contaminated, but stabilised, area showed that the concentrations of trace elements in the pastures could be tolerable for grazing horses. Only in the case of Fe (essential element) and Cd (non-essential element) could these concentrations be excessive for grazing. Diets based on species with an effective Fe uptake, such as grasses, can reach high levels of this element via absorption/contamination with adhering soil. Thus, although Fe was not one of the main contaminants of the mine sludge, a high absorption of Fe in certain species could be promoted by the remnants of sulphides in the soil. The significance of diet composition was more evident for Cd. In the grasses-based diet, the Cd concentration was lower than 1 mg kg −1 , and the estimated ingestion was far below the MTL of 200 μg body weight −1 day −1 . However, in diets based on Compositae and other plant families, the Cd concentrations were, sometimes, higher than those that could be excessive for some animals (3 mg kg −1 ). Cadmiun and, in addition, Fe, should be monitored periodically, both in plants and animals, as it tends to accumulate in animal organs. Furthermore, little is known about the long-term chronic effects of Cd in grazing animals. The importance of the floristic composition of the diet should always be taken into account.
